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ABSTRACT
UV imaging has recently been introduced as a method in drug dissolution and release testing. Spatially and temporally 

resolved mapping of drug concentrations in a 7 × 9 mm imaging area provides new opportunities for visualization and study 
of drug dissolution and release. This review describes the current instrumentation and principles of analysis. Pharmaceuti-
cal applications of UV imaging are presented, including determination of dissolution rates for drug substances, cocrystals, 
and nanocrystals and monitoring of solid form changes and single crystal dissolution as well as drug release and transport in 
hydrogels with relevance for characterization of parenteral depots. UV imaging may be of particular use when the amounts 
of material are sparse and detailed insights into dissolution and release processes are required, that is in solid form screening, 
preformulation, and early drug development.
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INTRODUCTION

For drug substances with poor aqueous solubility, 
dissolution frequently constitutes the rate-control-
ling step in oral drug absorption (1–7). Dissolution 

testing is conducted for several purposes in the phar-
maceutical industry. One of these is to guide the drug 
development process including the selection of optimal 
solid forms, suitable excipients, and test formulations for 
further development. A continuing trend is to explore 
the physicochemical properties of the active substances 
by the use of high throughput techniques and to use 
the identified solid forms (salt, polymorphic, solvate, 
co-crystal, or amorphous) as a central part of the product 
development process (6, 8). Some of the most widely ap-
plied in vitro dissolution methods, including the rotating 
disc, paddle, and basket methods, require relatively large 
amounts of the active compound or formulation as well 
as dissolution medium. Consequently, in the early phases 
of drug development, miniaturized or micro-dissolution 
techniques needing only a few milligrams of the active 
pharmaceutical ingredient (API) are of particular interest 
and have been developed to overcome these practi-
cal limitations (9–14). Most dissolution testing methods 
rely on bulk solution concentration measurements as 
a function of time (3, 7) and may therefore suffer from 
delayed responses due to the need for accumulation of 
the solution concentration of the active. This may in turn 
make detection of, for instance, solid form changes during 
dissolution difficult (6, 15, 16). Hence, real-time informa-
tion during dissolution testing may be instrumental for 
understanding the complex behavior of an API or a for-
mulation. This applies for drug substances or formulations 
intended for the oral route of administration as well as for 

parenterals, irrespective of the fact that several types of 
in vitro release testing devices and methods have been 
developed for parenteral formulations (17–21).

Imaging techniques providing spectrally, spatially, and 
temporally resolved information in real time are upcom-
ing techniques in drug dissolution and release testing due 
to their high information content (22–30). Recently, UV 
imaging technology working in the transmission mode 
has become available, which may offer an alternative or 
complementary platform for conducting dissolution and 
release testing as compared with, for instance, Fourier 
transform infrared (FTIR) and magnetic resonance imag-
ing (MRI). In UV imaging, the intensity of light at a selected 
wavelength in the UV range passing through a quartz cell 
is measured as a function of position and time (31). Since 
UV absorbance measurements are a suitable means for 
detection of many drug substances, UV imaging facilitates 
recording of temporally resolved concentration maps and 
quantification of drug substances in solution immediately 
adjacent to solid material (solid API or formulation).

We find that this comparatively simple form of chemical 
imaging holds significant potential in the areas of in vitro 
drug dissolution and release testing. The objective of the 
current work is to describe the instrumentation and basic 
principles of the technology to facilitate an appreciation 
of the advantages and limitations associated with UV im-
aging. Also, this review covers the current pharmaceutical 
applications of UV imaging in relation to dissolution and 
release studies.

UV IMAGING TECHNOLOGY
UV–vis spectrophotometry has for decades constituted 

one of the most important techniques for drug charac-
terization and analysis. Chemical imaging is the construc-
tion of visual images of the distribution of analytes or *Corresponding author.
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components from the simultaneous measurement of 
spectral, spatial, and temporal information. Accordingly, 
UV imaging (and vis imaging) is the creation of images 
based on spatially and temporally resolved absorbance 
measurements. UV imaging can be performed in either 
reflectance or transmission mode utilizing commercially 
available instrumentation (32, 33). The present review is 
concerned with measurements performed in the trans-
mission mode only, using the instrumentation developed 
by Paraytec Ltd. (York, UK) and now marketed by Sirius 
Analytical Instruments Ltd. (East Sussex, UK) as the Actipix 
SDI300 and currently as the Sirius SDI surface dissolution 
imaging system.

The commercially available UV imaging system con-
sists of a low-volume flow cell integrated with a UV–vis 
camera as shown schematically in Figure 1 (31). The fluid 
containment of the cell consists of a PEEK sample holder 
sitting inside a parallel piped rectangular quartz tube, 
which constitutes the walls to both contain the dissolu-
tion medium and allow light to pass through the quartz 
cell (34). The sample holder is responsible for shaping 
the inlet and outlet flow across the sample surface to 
achieve laminar flow conditions. The heart of the technol-
ogy is the UV camera paired with a broad-spectrum flash 
lamp providing the light to illuminate the 7 × 9 mm (H × 
W) complementary metal oxide semiconductor (CMOS) 
camera chip (34). Using a band-pass filter, light with the 
wavelength of interest is selected and passed through 
the cell onto the CMOS camera chip (Figure 1). The light is 
transferred from the light source to the remote camera via 
a fiber-optic cable. The camera comprises 1.3 mega pixels 
(1024 × 1280, H × W) having a size of 7 × 7 µm. Readout 
from the camera allows for individual pixel intensity val-

ues, and the pixels can be binned to improve sensitivity. 
Imaging rates are typically in the range of 0.5–8 Hz. The 
recorded image files can be processed offline to provide 
absorbance values by subtracting both electronic noise 
and blank values obtained prior to sample insertion (34). 
The ability to detect at only one wavelength during a UV 
imaging experiment represents an obvious limitation of 
the instrumentation. This may make it difficult to interpret 
absorbance maps from dissolution and release experi-
ments involving complex mixtures of UV-absorbing drug 
substances and excipients, for example. By applying one 
single wavelength, it is difficult to differentiate between 
absorbance, light scattering, and physical blocking of light 
(as will be pointed in the following sections). With respect 
to spatial resolution, the pixel size sets the limit, and a 
practical or functional characterization has not yet been 
published.

In the standard configuration (Figure 1), dissolution me-
dium is pumped into the flow cell with the integrated sy-
ringe pump. The dissolution medium can be heated prior 
to entering the flow cell by passing the liquid through a 
temperature-controlled chamber to attain a temperature 
of 37 °C, for example, inside the cell. A stainless steel cyl-
inder (2-mm inner diameter) containing the sample (3–10 
mg), usually a compressed drug substance, is positioned 
in the PEEK sample holder (Figure 1) allowing absorbance 
measurements at the compact surface (31, 34). The setup 
briefly outlined here is developed for flow-through type 
dissolution studies; however, the design of the camera 
housing allows for the integration with various types of 
sample holders and quartz cells.

DRUG DISSOLUTION STUDIES
Flow-Through Dissolution Testing

The Sirius SDI UV imaging system can be considered 
a miniaturized version of the flow-through device of 
Shah and Nelson (35) or a flow-through alternative to 
the miniaturized rotating disk intrinsic dissolution test-
ing approaches (9, 10, 12, 34), that is, with some special 
opportunities due to the imaging functionality. It will only 
in special cases be able to hold an intact formulation, such 
as a tablet or capsule, and should not be compared to USP 
Apparatus 4 due to the small physical size.

The dissolution behavior of amorphous amlodipine 
besylate, amlodipine besylate anhydrate and dihydrate, 
and the free base of amlodipine (11) was investigated 
using the flow-through dissolution imaging setup de-
scribed above. This first application of UV imaging for 
flow-through dissolution testing was performed at 355 
nm with a flow rate of 0.2 mL/min. Approximately 6 mg 
of the drug substance was compressed in the stainless 
steel cylinder (11). The UV images in Figure 2A show the 
dissolution of drug substance from the compacts as an in-
crease in absorbance (shown with false color). Due to the 
presence of the flow, the drug is carried downstream from 
the position of the compact. The instrument software was 

Figure 1.  Schematic showing the setup of commercially available UV 
imaging instrumentation: (a) Key components of the instrument; (b) Side 
view of flow cell. Reprinted with permission from ref 31. Copyright 2010 
Springer Science+Business Media.
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used for calculating the dissolution rate using algorithms 
taking into account the flow rate and flow profile within 
the dissolution cell, the molar absorptivity of amlodipine 
besylate, and the surface area of the compact (11). Figure 
2B shows dissolution rate-versus-time profiles calculated 
based on the images. The dissolution rates for the three 
amlodipine forms at 10 min decrease in the order amor-
phous > dihydrate > free base. The absorbance maps for 
amorphous and free base samples indicate precipitation 
of solid material, swelling, or growth of crystals from the 
compact surface. UV absorbance measurements at a 
single wavelength do not allow distinguishing between 
absorbance or light scattering and blockage. However, 
visual inspection aided interpretation, and Raman spec-
troscopy verified that solid form changes occurred during 
dissolution. During dissolution, the amorphous amlodip-
ine besylate transformed into the monohydrate form (11). 
This initial study highlighted that the combination of UV 
imaging and Raman spectroscopy can provide a deeper 
understanding of drug dissolution processes. UV imaging 
provided real-time information of early events occurring 
during dissolution. From the data presented on amlodip-
ine besylate, it may be possible to estimate sensitivity and 
repeatability of the technique at the applied conditions. In 
general (with the exception of ref 31), there is a shortage 
of data related to the analytical performance of the UV 
imaging system.

Hulse et al. (36) applied the UV imaging-based flow-
through testing setup to investigate theophylline, indo-
methacin, and ibuprofen dissolution. The authors pointed 
to the importance of thorough solid form characterization 
prior to dissolution testing (e.g., by the use of XRPD and 
Raman spectroscopy). Theophylline anhydrate was ob-
served to dissolve faster than theophylline monohydrate 
(36), which is consistent with the monohydrate being the 
stable form (37, 38). In contrast to a number of studies 
assessing the dissolution behavior of theophylline anhy-
drate (15, 37, 39–41), indications of a solid form change 
during dissolution (in the form of a change in the IDR) 
was not observed. This was ascribed to differing hydro-
dynamic conditions inhibiting conversion to the hydrate 
form (36). Upon determination of dissolution rates, the 
authors found UV imaging sufficiently sensitive to discrim-
inate between the dissolution performance of alpha and 
gamma indomethacin (36). UV imaging was also applied 
to micronized indomethacin material. Micronization did 
not affect the dissolution rates determined for gamma 
indomethacin samples, whereas for alpha indomethacin, 
the micronized material exhibited a lower dissolution rate 
than the unmicronized powder (36). The decrease was 
suggested to be from an increased exposure of hydropho-
bic surface domains upon micronization. Furthermore, 
the extensive study documented an increase in the rate of 
dissolution of sodium ibuprofen as compared with ibupro-
fen in phosphate buffer (pH 7.2) and ibuprofen dissolution 
rate enhancement achieved through addition of sodium 
dodecyl sulfate to the dissolution medium (36).

The formation of cocrystals has attracted significant 
attention as a strategy to increase solubility and bio-
availability of poorly soluble drug substances (42–45). In 
dissolution studies on carbamazepine, Li and co-workers 
(46, 47) expanded the application of UV imaging-based 
dissolution testing from single component/API studies to 
two-component systems. The dissolution of carbamaze-
pine–nicotinamide cocrystals in pH 4.5 acetate buffer was 
investigated and compared with the dissolution behavior 
of carbamazepine I, carbamazepine III, carbamazepine 
dihydrate, and a carbamazepine–nicotinamide physical 
mixture (47). Cautious selection of the detection wave-
length allowed exclusive detection of carbamazepine 
(i.e., without significant contribution of nicotinamide to 
the UV absorbance). The dissolution rates for carbam-
azepine–nicotinamide cocrystal, carbamazepine I, carba-
mazepine II, and carbamazepine–nicotinamide physical 
mixture derived from the UV absorbance maps decreased 
as a function of time whereas the dissolution rate for the 
stable form carbamazepine dihydrate was constant over 
time. The majority of the UV imaging-based dissolution 
studies performed so far has emphasized the ability to fol-
low the initial phases of the dissolution process (11, 36, 48, 
49). However, the work of Li and coworkers (47) shows the 
ability to monitor dissolution processes over prolonged 
periods of time (3 h). The compacts of the carbamaze-

Figure 2.  Amlodipine besylate dissolution behavior studied by UV imag-
ing in acetate buffer, pH 4.5. (A) UV absorbance maps of dissolution of 
(a) amlodipine besylate dihydrate, (b) amorphous amlodipine besylate, 
and (c) amlodipine free base at 200 μL/min. The inserts (d) show the spa-
tially resolved concentration downstream from the sample compact. (B) 
Dissolution rates of amorphous amlodipine besylate (AM), amlodipine 
besylate dihydrate (DH), and amlodipine free base (FB) as a function of 
time determined by the UV imaging setup. The error bars represent the 
standard deviation (n = 3). Adapted with permission from ref 11. Copyright 
2011 American Chemical Society.
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pine–nicotinamide cocrystals exhibited increased dissolu-
tion rates during the entire period, whereas the dissolu-
tion rates of carbamazepine I, carbamazepine III, and the 
physical mixture were initially higher but decreased to the 
level of the dihydrate form within 2 h (47). Off-line Raman 
spectroscopy revealed that upon exposure to the dissolu-
tion medium, carbamazepine–nicotinamide cocrystal, 
carbamazepine I, carbamazepine III, and carbamazepine–
nicotinamide physical mixture transformed into the stable 
dihydrate form of carbamazepine. SEM images indicate a 
slower growth of the carbamazepine dihydrate crystal on 
the cocrystal compact surface as compared with the other 
solid forms tying up with the relatively higher dissolution 
rate sustained by the cocrystals (47). Recently, the effect 
of adding the surfactants sodium dodecyl sulfate and 
Tween 80 to the dissolution medium below and above 
the critical micelle concentration on the dissolution of 
carbamazepine–nicotinamide cocrystals, carbamazepine 
III, and carbamazepine–nicotinamide physical mixture 
was examined using UV imaging (46). Above the critical 
micelle concentration, SDS increased the dissolution of 
carbamazepine from the carbamazepine–nicotinamide 
cocrystal and carbamazepine III containing compacts, 
whereas, surprisingly, the presence of Tween 80 lead to a 
decrease in dissolution rate as compared with the dis-
solution rates determined in water. Solid-form character-
ization confirmed the occurrence of solution-mediated 
phase transformation into carbamazepine dihydrate dur-
ing dissolution, allowing a discussion of the effect of the 
surfactants on crystal nucleation and extent of carbamaze-
pine dihydrate crystallization during dissolution (46).

Boetker et al. (50) developed a numerical model simulat-
ing the hydrodynamics and the drug transport processes 
within the dissolution flow cell (CADISS-3) of the SDI300 
UV imaging system. Laminar flow conditions existed in a 
wide flow rate range. The dissolution of paracetamol from 
compacts was investigated in the flow-through setup 
(0.07–2.00 mL/min) applying UV imaging as well as quan-
tification of paracetamol in the collected effluent by UV 
spectrophotometry for determination of the paracetamol 
dissolution rate. The ability of the finite element model to 
quantitatively predict the dissolution rate of paracetamol 
was established by comparison to the experimentally 
measured concentrations of paracetamol in the collected 
effluent. However, dissolution rates determined from the 
UV images were not in quantitative agreement with the 
results from the finite element simulations or the results 
derived from the effluent (50). The study points to the 
need for verifying the validity of dissolution rates deter-
mined from UV images by quantification of drug content 
in the effluent. The apparent error was suggested to be 
related to the angle of the incident light hitting the sensor 
or density gradients occurring during the dissolution of 
paracetamol (50). More work elucidating these aspects of 
UV imaging is clearly needed. Interestingly, in other stud-
ies (48, 51, 52), better agreement between UV imaging and 

collected effluent derived dissolution rates was observed 
(see below).

Recently, Østergaard et al. (52) successfully integrated 
the UV imaging flow-through setup with Raman spectros-
copy allowing simultaneous solid-form characterization 
and dissolution monitoring. The proof-of-concept studies 
investigated the solvent-mediated phase transforma-
tions of theophylline anhydrate and sodium naproxen 
during dissolution into water and 0.1 M HCl, respectively. 
Theophylline anhydrate transformed into the more stable 
monohydrate form within ≈5 min at the applied condi-
tions (52), seemingly in contrast to the UV imaging study 
of Hulse et al. (36). However, this may stress the key fea-
ture of the combined UV imaging–Raman spectroscopic 
approach that solid form characterization is performed 
in situ (not offline) during dissolution testing on the very 
same material and at exactly the same hydrodynamic 
conditions, which could otherwise lead to different trans-
formation kinetics.

Dissolution Behavior in Biorelevant Media by UV 
Imaging

The dissolution behavior of furosemide in biorelevant 
media containing 5 mM sodium taurocholate and 1.15 
mM phosphatidylcholine, 40 mM sodium taurocholate 
and 10 mM phosphatidylcholine, as well as the blank me-
dium (phosphate buffer, pH 6.5) was investigated by UV 
imaging (48). UV imaging of furosemide dissolution was 
measured as a function of flow rate (0.2–1.0 mL/min). The 
dissolution rate of furosemide decreased with a reduc-
tion of the flow rate. The dissolution rates obtained from 
the UV imaging show an overall quantitative agreement 
with those obtained from collected effluent samples. 
Both methods indicate that the biorelevant media did not 
significantly increase the dissolution rate of furosemide. 
From the UV imaging maps (Figure 3 in ref 48), an area of 
intense absorbance is seen at the compact surface. To fur-
ther investigate whether the upward shifts of the contour 

Figure 3.  UV absorbance maps showing piroxicam diffusion in 20% 
(w/w) Pluronic F127 hydrogel after 5 min, 0.5 h, 1 h, 2 h, 3 h, and 4 h. 
Concentration range from 0.2 mM piroxicam (red) to zero (blue). The con-
tour lines represent iso-concentration lines. The rectangular bar shows the 
image area selected for determination of concentration–distance profiles. 
Measurement was performed at 355 nm and 26 ± 1 °C. Reprinted with per-
mission from ref 66. Copyright 2011 Elsevier.
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lines were caused by swelling of the solid drug substance 
or solid form change, in situ Raman spectroscopy was 
applied in a flow-through dissolution cell with similar 
geometry. The results show that the solid form of the 
furosemide samples did not change during the dissolu-
tion experiments. Thus real-time UV imaging was reported 
to provide both qualitative and quantitative information 
about furosemide dissolution behavior in biorelevant 
media.

Using an almost similar setup, Nielsen et al. (51) investi-
gated the dissolution behavior of amorphous furosemide, 
crystalline furosemide, amorphous furosemide sodium 
salt, and crystalline furosemide sodium salt in a biorel-
evant intestinal medium containing 2.5 mM phosphatidyl 
choline and 10 mM sodium taurocholate at pH 6.5 (23–25 
°C). The amorphous furosemide forms (acid and salt) were 
prepared by spray-drying, and the amorphous furosemide 
salt had high stability during storage at 22 °C and 33% 
relative humidity (stable for 291 days) (53). The rapidly 
dissolving amorphous and crystalline sodium salts of furo-
semide lead to absorbance values above the linear range 
of the calibration curve. Therefore the UV images were 
not suitable for determining the dissolution rates of these 
compacts which was instead done by quantification of the 
concentration of furosemide in the collected effluent (51). 
For amorphous and crystalline furosemide, good consis-
tency was observed for the dissolution rates determined 
by furosemide sampling in the effluent and from the UV 
images as well as dissolution rates determined using a 
µDISS profiler. This study (51) is likely to represent the first 
direct comparison between the two microscale dissolu-
tion testing methods; additional studies comparing the 
methods are of interest. The dissolution studies show that 
the amorphous furosemide salt had the highest dissolu-
tion rate followed by the crystalline salt. The amorphous 
and crystalline furosemide exhibited similar and the 
lowest dissolution rates. Adjunct solid-form character-
ization studies by Raman and X-ray powder diffraction 
indicate that a rapid conversion of the amorphous form 
to crystalline furosemide negated the higher dissolution 
rates expected for the more soluble amorphous solid (51). 
Interestingly, both the amorphous and the crystalline 
furosemide sodium salt converted to a trihydrate salt dur-
ing dissolution into the biorelevant medium (pH 6.5 and 
23–25 °C). Upon dosing to rats, the higher apparent solu-
bility and dissolution rate of the amorphous furosemide 
sodium salt only translated into a faster Tmax as compared 
with amorphous furosemide and crystalline furosemide. 
The AUC values were not significantly different among the 
three solid forms (53).

The dissolution of celecoxib, ketoprofen, naproxen, and 
sulfathiazole in fasted-state simulated intestinal fluid (FaS-
SIF), pH 6.5, was studied by Niederquell and Kuentz (49). 
A heterogeneous approach to drug dissolution was taken 
focusing on the early time points of the experiments. High 
initial dissolution rates were observed for the four drug 

substances, but over time, the dissolution rates decreased 
and a pseudo-equilibrium state was approached. The 
dissolution rates determined at pseudo-equilibrium 
conditions were comparable with previously determined 
dissolution rates for the APIs. Similar to previous UV imag-
ing dissolution studies (11, 36, 48), significant variability 
was observed among samples, especially at the early time 
points. This is related to sample heterogeneity, which was 
qualitatively assessed by scanning electron microscopy 
(SEM). Double logarithmic plots of dissolution rate versus 
time were applied to model heterogeneity effects; fractal-
like dissolution behavior was observed since the profiles 
adhere to a power law relation. This interesting study (49) 
raises an important issue of how heterogeneity-related 
effects (e.g., sample surface heterogeneity) will affect dis-
solution experiments performed using miniaturized dis-
solution testing methods such as the UV imaging system.

The application of UV imaging for determination of 
intrinsic dissolution rates in plain buffer and biorelevant 
media appears promising. However, comprehensive stud-
ies establishing repeatability and correlation with values 
determined using traditional dissolution testing appara-
tus as has been done for the miniaturized rotating disk 
method (9) would be of huge interest and importance.

Dissolution from Single Crystals and Compacted 
Nanocrystals

The dissolution of single lidocaine crystals in stagnant 
phosphate buffer, pH 7.4 (54), constitutes a most illustra-
tive example highlighting the potential of UV imaging. 
A single crystal (≈3 mm) of the highly soluble compound 
lidocaine was mounted in a special flow-through dissolu-
tion cell; the cell was filled with the buffer, and the flow 
was arrested while UV imaging was conducted at 254 
nm. The UV images provided spatially and temporally 
resolved mapping of apparent lidocaine concentrations 
immediately next to the crystal during dissolution. The 
absorbance values in the three-dimensional flow cell 
were averaged over the light path (3 mm in the lidocaine 
study), and thus, should be referred to as apparent con-
centrations. UV absorbance maps documented natural 
convection effects due to density gradients forming dur-
ing lidocaine dissolution (i.e., essentially the occurrence of 
asymmetric concentration patterns due to concentrated 
[dense] lidocaine solution falling to the bottom of the 
quartz cell). Quantitative estimates of the amount of lido-
caine dissolved were also obtained from the UV images.

Drug nanocrystals may offer an interesting approach in 
formulation development of poorly soluble active phar-
maceutical ingredients (55–57). Sarnes et al. (58) prepared 
indomethacin nanocrystals using poloxamer F68 and 
poloxamer F127 as stabilizers. Wet-milling was applied 
to produce nanocrystal suspensions, which were subse-
quently freeze-dried in the presence of lactose to prevent 
aggregation leading to nanocrystal preparations with 
particle sizes in the range of 580–950 nm (58). The dissolu-
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tion properties of the poloxamer F68 and poloxamer F127 
stabilized nanocrystals were investigated by a traditional 
flow-through dissolution method (channel flow dissolu-
tion method) as well as UV imaging upon the formation of 
drug nanocrystal compacts. Initial UV imaging-based dis-
solution experiments on the nanocrystal compacts were 
performed using the flow-through setup. In the presence 
of flow, a strong absorbance at 265 nm in the UV images 
indicates rapid dissolution of indomethacin from the 
compact in acetate buffer, pH 5.0. However, at 550 nm, 
where indomethacin does not absorb light, significant 
light absorption was detected indicating that nanopar-
ticles escaped the sample surface leading to the scattering 
of light instead of or in addition to molecularly dissolved 
indomethacin (58). Van Eerdenbrugh et al. (59) have previ-
ously shown that in addition to scattering, submicron-
sized particulates may affect the UV spectra by absorption 
of the light. Both effects lead to an apparent increase in 
absorbance of the particulate-containing solution. It was 
of interest to investigate the dissolution properties while 
suppressing the nanocrystal disappearance. This was 
accomplished by investigating the dissolution under stag-
nant conditions with the quartz cell filled with 1% agarose 
hydrogel/acetate buffer. Application of these dissolution 
testing conditions to the indomethacin nanocrystal com-
pact abolished absorption at 550 nm, while indomethacin 
dissolution was apparent with increasing absorbance 
observed at 265 nm. Subject to these conditions, the 
nanocrystal compacts exhibited a much higher dissolution 
rate as compared with compacts containing bulk indo-
methacin (58). However, in contrast to the flow-through 
dissolution method, where dissolution rate increased with 
decreasing particle size of the compacted poloxamer-
stabilized nanocrystals, significantly different dissolution 
rates were not observed by UV imaging. Indomethacin 
concentrations well above the solubility of indomethacin 
were measured in the agarose gel immediately above 
the poloxamer stabilized nanocrystal compact surfaces. 
The authors suggested that this was due to supersatura-
tion (58). However, it may be difficult to rule out (local) 
solubility enhancing effects of poloxamer F68 and F127 
as a contributing factor to the high local indomethacin 
concentrations observed.

HPMC Swelling
The swelling behavior of hydroxypropyl methylcellu-

lose (HPMC) compacts in buffer solution was studied by 
UV imaging under stagnant conditions as well as in the 
presence of flow using the flow cell shown in Figure 1 (60). 
Compacts of two viscosity grades of HPMC, 15 cP and 50 
cP, were prepared and subjected to real-time visualiza-
tion of the polymer behavior at 214 nm. Three distinctive 
phases were observed during the swelling of HPMC: the 
gel formation, the expansion of the gel into the solution, 
and steady-state conditions where the polymer concen-
tration is maintained at a critical concentration at a certain 

distance from the original sample surface. The UV imaging 
results were related to rheological measurements, and the 
critical concentration obtained by UV imaging corre-
sponded to the gel point determined by rheological mea-
surements. The higher viscosity grade HPMC had a lower 
gel point concentration, as expected (60). Furthermore, 
UV imaging shows that the higher viscosity grade HPMC 
swelled more rapidly and led to a thicker gel layer, which 
was more resistant toward the shear forces induced by 
the flow of the dissolution medium (60). The HPMC may 
cause a decrease in the light transmitted through the cell 
by absorbance of light, scattering of the light, or the physi-
cal blockage of light by undissolved polymer particles. A 
practical approach was taken to address this issue by pre-
paring an HPMC calibration curve for relating measured 
absorbance values to apparent HPMC concentrations. 
The release of drug from such HPMC compacts remains 
to be studied by UV imaging. This may be nontrivial since 
a wavelength at which the drug, but not the polymer, 
absorbs or scatters light has to be identified and selected.

IN VITRO DRUG RELEASE
This section covers the attempts to apply UV imaging 

technology to the investigation of in vitro drug release 
from pharmaceutical dosage forms, including patches, hy-
drogels, and lipophilic solutions, using microliter volumes 
of release media.

Release of Nicotine from Transdermal Patch Samples
The rate of nicotine release from Nicorette patch sam-

ples into phosphate buffer solution, pH 7.40, was studied 
in a first application of UV imaging (31). Nicorette patches 
for transdermal application are designed to provide 
sustained release of nicotine (≈16 h). In the experiments 
performed, patch samples with a diameter of 2 mm were 
cored out of the commercial patches and mounted in the 
flow cell (Figure 1), where upon the release and diffu-
sion of nicotine was followed. Initially, the placement of a 
Nicorette patch sample into a stagnant phosphate buffer 
solution enabled monitoring in real time the formation 
and development of concentration gradients (concentra-
tion–distance profiles) next to the patch surface. Highly 
variable results were attained when the nicotine release 
from the patch samples into a continuous flow of buffer 
was investigated. This was thought to be due to insuf-
ficient detector sensitivity for monitoring the slow rate 
of nicotine release from the patch. However, our current 
perspective on these very initial experiments is that it 
was more likely that our sample handling and placement 
was inadequate. Instead, a flow-stopped-flow procedure 
was developed, where the flow was stopped for intervals 
of 3–10 min followed by a flush (2.0 mL/min) period of 1 
min (31). The increase in UV absorbance during the time 
periods where the flow was stopped was used to calculate 
the amount of released nicotine. Release profiles obtained 
by UV imaging were compared with those obtained using 
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the paddle-over-disk method. Higuchi kinetics (61, 62) sat-
isfactorily describes the release profiles obtained by both 
methods, and the release profiles obtained by UV imaging 
are in qualitative agreement with the paddle-over-disk 
release data (31). However, the rate of nicotine release 
per unit area obtained from UV imaging was significantly 
higher than the release rate obtained by the paddle-over-
disk method for the intact patches. The higher nicotine 
release rate from the samples investigated by UV imaging 
was most likely due to an increased release from the edg-
es of the patch samples leading to an increased effective 
area for drug release (31). Variability in the patch surface 
area is presumed also to be a contributing source to the 
relatively high variability with respect to release rates.

Drug Diffusion in and Release from Hydrogels
Hydrogels are widely used in the biomedical sci-

ences for drug delivery and tissue-engineering purposes 
(63–65). The polymeric networks imbibing high amounts 
of water are useful for sustaining and controlling drug 
release, often via diffusion or erosion mechanisms. Cur-
rent theoretical models are unable to accurately predict 
drug diffusion behavior in hydrogels, and experimental 
methods are needed. UV imaging-based diffusion stud-
ies were introduced using the nonionic poly(ethylene 
oxide)–poly(propylene oxide)–poly(ethylene oxide) 
(PEO–PPO–PEO) triblock copolymer Pluronic F127 to form 
the hydrogel, with piroxicam and human serum albu-
min as diffusants (66). Drug diffusion in and release from 
Pluronic F127 hydrogels was performed in rectangular 
parallel piped quartz cells (7.0 × 3.0 × 63 mm) by placing 
the drug-loaded gel in contact with the release medium 
(blank hydrogel or aqueous solution). Measurement of the 
UV absorbance as a function of time provided spatially 
(2D) and temporally resolved absorbance (concentration) 
maps of piroxicam at 355 nm (Figure 3) or human serum 
albumin at 280 nm (66). Using Fick’s second law, the dif-
fusion coefficients of the low molecular weight substance 
and the model protein in Pluronic F127 hydrogels at 
varying polymer concentrations were determined from 
constructed concentration–distance profiles. As com-
pared with the diffusion coefficients in aqueous solution 
(phosphate buffer, pH 7.4), the apparent diffusivities of 
piroxicam and human serum albumin in 20% (w/w) F127 
gels, pH 7.4, were decreased 7.5 and 24 times, respective-
ly. Also the release of piroxicam from F127 hydrogels into 
phosphate buffer, pH 7.4, was investigated. A magnetic 
stirring bar was placed in the aqueous solution to attain 
uniform drug concentrations in the release medium. This 
experimental setup (66) provided information pertain-
ing to the piroxicam concentrations in the gel phase, 
the boundary polymer layer, as well as the bulk aqueous 
phase in real time (Figure 4a). The dissolution (erosion) 
of the gel was apparent from the UV absorbance maps 
as a moving gel–buffer front. The amount of piroxicam 
released (Figure 4b) was calculated both from the gel dis-

solution and the accumulation in the bulk release medium 
(66). These preliminary release experiments suggest that 
UV imaging-based methods may be helpful in provid-
ing a more detailed understanding of the processes and 
mechanisms of release from hydrogel-based and related 
delivery systems in a nonintrusive manner. UV imaging 
may provide a viable alternative to, for instance, fluores-
cence microscopy (65), nuclear magnetic resonance (NMR) 
(65, 67), Fourier transform infrared (FTIR) imaging (30, 68), 
UV–vis spectroscopy (69, 70), and other optical techniques 
(71) for investigation of diffusion properties. However, 
these types of studies would benefit from an investiga-
tion of the functional spatial resolution of the UV imaging 
instrumentation since light scattering may be expected 
due to the presence of a gel.

Release from Lipophilic Solutions into Subcutaneous 
Tissue Mimic

Hydrogel-based matrixes have found use as models for 
soft tissues in relation to drug delivery (67, 72–75). It has 
been proposed that such gels offer a more in vivo-like 
environment for the study of drug release as compared 
with in vitro measurement of drug release into agitated 
bulk liquid phases for parenteral products. However, such 
gel-based release testing methods have been reported to 

Figure 4.  UV imaging of piroxicam release from 30% (w/w) F127 hydrogels 
into 67 mM phosphate buffer (pH 7.4) at 355 nm; (a) UV absorbance–dis-
tance profiles at different time points; (b) piroxicam release profiles deter-
mined both from the gel dissolution and the accumulation of the drug in 
the bulk release media. Reprinted with permission from ref 66. Copyright 
2011 Elsevier.
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be invasive as well as cumbersome (72, 75). UV imaging 
may offer a noninvasive and less laborious approach to 
such release studies. The release and transport of piroxi-
cam from a medium-chain triglyceride (MCT) solution into 
subcutaneous tissue mimicking hydrogels was monitored 
in real time (76). Measurements were performed in quartz 
cells (7.0 × 3.0 × 63 mm) by placing the MCT solution in 
contact with hydrogels consisting of 0.5% (w/v) agarose 
or 25% (w/v) Pluronic F127 in phosphate buffer, pH 7.4. 
From the spatially and temporally resolved UV absorbance 
maps, diffusion coefficients and distribution coefficients 
were determined using equations derived from Fick’s 
second law (76). The determined MCT–agarose distribu-
tion coefficient of 1.4 was identical to the MCT–aqueous 
distribution coefficient determined using the shake-
flask method, whereas that of the MCT–F127 system 
was four times less. Piroxicam release profiles from MCT 
solution into the gel matrixes were calculated using the 
determined transport parameters and the appropriate 
diffusion model (76). Brandl et al. (65) have suggested 
the possibility of estimating the drug release profiles 
from the transport parameters (diffusion coefficient and 
distribution coefficient) and the appropriate mathemati-
cal models instead of using the more time-consuming 
traditional drug release testing methods, experiments that 
often span a period of up to several days or weeks. The 
release from oily vehicles, such as the MCT solutions, has 
been proposed to be determined, at least partly, by the 
drug distribution between the oil and the surrounding 
tissue (77–79). In a subsequent study, Ye et al. (80) investi-
gated the role of piroxicam ionization on the partitioning 
and release of the drug from MCT solution into hydrogel 
matrixes by altering pH in the gel phase. Utilizing a similar 
UV imaging setup, aqueous and MCT solutions contain-
ing piroxicam were injected through a thin capillary into 
a 0.5% (w/v) agarose gel matrix serving as a simple model 
of subcutaneous tissue. Thus, UV imaging is not limited 
to the relatively simple models with diffusion into one 
dimension, although data interpretation is simpler in the 
case of one-dimensional diffusion, and the relatively small 
image area of the instrumentation has to be taken into 
account in the study design. These initial studies indicate 
that UV imaging in combination with gel matrixes is a 
promising approach for the characterization of parenter-
als for injection into soft tissues.

Release from Coated Extrudates
Gaunø et al. (81) also employed an agarose gel matrix 

in their studies of 5-aminosalicylic acid release from ethyl 
cellulose-coated extrudates. The cylindrical extrudates, 
intended for oral dosing, were composed of the API and 
povidone and subsequently coated with ethyl cellulose to 
attain a weight gain of 0.5–2.0% (w/w). Single extrudates 
with a length of approximately 1 mm were embedded in 
0.5% (w/v) agarose gel, and the release of 5-aminosalicylic 
acid to the surrounding gel matrix was determined by 

real-time UV imaging. The UV images and corresponding 
release profiles captured the variability among individual 
extrudates as well as the effect of ethyl cellulose thickness 
on drug release (81). In this study, the agarose gel served 
dual purposes. Attempts to investigate drug release in 
free solution proved difficult due to the formation of 
density gradients and natural convective currents, similar 
to those observed previously (54), which compromised 
data interpretation (81). The gel efficiently suppressed any 
density-related effects leading to symmetrical absor-
bance maps around the extrudate and also acted as a 
scaffold holding the extrudates in a position completely 
surrounded by aqueous medium. UV imaging on single 
extrudates on which the ethyl cellulose coating had been 
compromised led to asymmetric UV absorbance patterns 
indicating that UV imaging might be an approach for 
detection of coating defects (81). The approach utilizing a 
gel scaffold may provide a means for assessment of drug 
release from other particulate drug delivery systems.

CONCLUSIONS
UV imaging facilitates real-time visualization of drug 

dissolution and release processes as well as subsequent 
quantification of spatially resolved (2D) drug concentra-
tions in bulk dissolution/release media as well as in the 
immediate vicinity of an API or a formulation. The technol-
ogy is well suited for in vitro drug research since many 
drug substances absorb light in the UV range; the most 
prominent requirement is transparency of the dissolution 
medium or sample matrix at the detection wavelength. 
The possibility of detecting at only a single wavelength 
at a time may make investigation of complex mixtures 
and multi component systems challenging. Operation of 
the commercial instrumentation and data analysis based 
on Lambert–Beer law is simple and therefore attractive 
to preformulation and drug formulation labs. Also, the 
miniaturized or small-scale setup, allowing studies to be 
performed with only a few milligrams of material, endors-
es use in the early phases of drug development.

Applications of UV imaging to intrinsic dissolution rate 
studies are starting to build and results are encouraging. 
Imaging at the surface of the solid provides visualization 
of the dissolution events, and especially in combination 
with solid phase characterization tools, such as Raman 
spectroscopy, detailed insight into dissolution behavior 
including solution mediated form changes during dis-
solution can be attained. A literature review reveals that 
further work is needed to fully establish the quantitative 
potential of UV imaging in intrinsic dissolution testing.

Studies on drug diffusion and partitioning in hydrogels 
demonstrate the versatility of the technology. Character-
ization of drug release from parenteral formulations may 
be a fruitful area of application due to the real-time and 
noninvasive characteristics of UV imaging and the dem-
onstrated compatibility with hydrogels serving as tissue 
models.
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Interesting pharmaceutical applications of UV imaging 
have now started to occur in the literature, but a thorough 
detailed characterization of the instrumentation seems to 
be missing. Currently there is a lack of data on analytical 
performance parameters, especially in relation to the func-
tional spatial resolution. However, with the advent of such 
studies and the continued development of UV imaging 
technology, we foresee an increased interest in and use of 
this promising technology.
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